Hereditary multiple exostoses is a pediatric skeletal disorder characterized by benign cartilaginous tumors called exostoses that form next to growing skeletal elements. Hereditary multiple exostoses patients carry heterozygous mutations in the heparan sulfate (HS)-synthesizing enzymes EXT1 or EXT2, but studies suggest that EXT haploinsufficiency and ensuing partial HS deficiency are insufficient for exostosis formation. Searching for additional pathways, we analyzed presence and distribution of heparanase in human exostoses. Heparanase was readily detectable in most chondrocytes, particularly in cell clusters. In control growth plates from unaffected persons, however, heparanase was detectable only in hypertrophic zone. Treatment of mouse embryo limb mesenchymal micromass cultures with exogenous heparanase greatly stimulated chondrogenesis and bone morphogenetic protein signaling as revealed by Smad1/5/8 phosphorylation. It also stimulated cell migration and proliferation. Interfering with HS function both with the chemical antagonist Surfen or treatment with bacterial heparitinase upregulated endogenous heparanase gene expression, suggesting a counterintuitive feedback mechanism that would result in further HS reduction and increased signaling. Thus, we tested a potent heparanase inhibitor (SST0001), which strongly inhibited chondrogenesis. Our data clearly indicate that heparanase is able to stimulate chondrogenesis, bone morphogenetic protein signaling, cell migration, and cell proliferation in chondrogenic cells. These properties may allow heparanase to play a role in exostosis genesis and pathogenesis, thus making it a conceivable therapeutic target in hereditary multiple exostoses. Heparanase is a multifunctional protein that is involved in a variety of physiologic and pathologic processes and represents the only entity of its kind encoded in the mammalian genome.
pathways that involve protein kinase C, Src, and Rac1 4 and can activate b1-integrin, 8 mechanisms all facilitating cell spreading and migration. 9 Because some of these actions do not appear to require enzymatic activity and can be elicited by inactive heparanase as well, they are likely to involve and rely on the nonenzymatic domains of the protein. 10 As a reflection of its multiple and potent biological activities, heparanase is often up-regulated in human cancers and is closely associated with, and may lead to, neoplastic cell behavior and metastasis. 2, 8, 11 The protein is believed to facilitate the invasive behavior of cancer cells and tumor growth by release of extracellular matrix-bound angiogenic factors, including vascular endothelial growth factor and by up-regulating expression of important genes such as HGF, MMP9, and VEGFA itself. 1, 6, 12 Indeed, inhibitors of heparanase administered systemically were found to reduce progression of tumor xenografts in mice. 13 These and other studies have led to the current notion that heparanase inhibition by pharmacologic strategies may represent a promising and effective cancer therapy. 14 Benign ectopic cartilaginous/bony tumors called exostoses characterize the pediatric skeletal disorder hereditary multiple exostoses (HME). 15, 16 The exostoses are growth platelike structures that form next to, but never within, the growth plates of long bones, ribs, pelvis, and other skeletal elements. Because of size and location, the exostoses can cause a variety of health problems, including skeletal growth retardation and deformities, chronic pain, compression of nerves and blood vessels, and psychological concerns. 15, 17, 18 In the majority of HME patients the exostoses remain benign through life, but in approximately 2% to 5% of them the exostoses progress to malignancy, turn into osteosarcomas or chondrosarcomas, and thus become life threatening. 19 Most HME patients carry heterozygous loss-of-function mutations in EXT1 or EXT2 that encode glycosyltransferases responsible for HS synthesis. 20, 21 EXT1 and EXT2 form protein complexes in the Golgi and are both required for HS synthesis. 20 HME patients thus have reduced levels, but not lack, of HS in their tissues. Surprisingly however, the cartilaginous portions of human exostoses display barely detectable levels of HS, 22 indicating that exostosis formation may require a severe loss of HS beyond what would be caused by mere EXT haploinsufficiency. This requirement was confirmed in transgenic mouse studies that involved conditional Ext1 and/ or Ext2 ablation. 23e25 Studies have suggested mechanisms that could account for a severe drop of HS in human exostoses, including EXT loss-of-heterozygosity, large and encompassing genomic deletions, a second hit in another gene, and background genetic traits such as modifiers. 21, 26, 27 However, there are still no clear answers nor obvious genotype-phenotype correlations in HME, despite that the syndrome can vary significantly in severity within affected family members and among persons from different families. 28 We, therefore, sought to investigate possible additional pathogenic pathways in exostosis formation and progression in HME and focused on heparanase. We do find that the protein is widespread in the growth plate-like cartilaginous portions of human exostoses but displays a restricted distribution in normal growth plates from unaffected control patients. We show also that the enzyme greatly stimulates chondrogenesis, a mechanism that could promote and facilitate inception and growth of exostoses.
Materials and Methods

Human Exostosis Samples
Exostosis tissue samples from four consenting HME patients were taken after surgical removal and were processed by the centralized Children's Hospital of Philadelphia Pathology Laboratory. Control growth plate tissue was harvested from surgically removed toes of children who were undergoing treatment for polydactyly. Fixed tissue was embedded in paraffin and sectioned (6 mm). After specimens were used for clinical diagnosis, extra slides were deidentified and provided to us for the present study. This practice was reviewed and approved by Children's Hospital of Philadelphia's Institutional Review Board.
Monolayer and Micromass Cell Culture
ATDC5 cells, derived from mouse embryonal carcinoma, were cultured in 10-cm dishes with a 1:1 mixture of Dulbecco's modified Eagle's medium and Ham's F-12 (Life Technologies, Carlsbad, CA) supplemented with 5% fetal bovine serum (ATCC, Manassas, VA), 10 mg/mL human transferrin (Mediatech, Herndon, VA), 3 Â 10 À8 mg/L sodium selenite (Mediatech), and 20 mg/mL insulin at 37 C under 5% CO 2 . Experiments were conducted once cells reached confluence.
Micromass cultures were prepared from the mesenchymal cells of embryonic day 11.5 mouse embryo limb buds. 29 Dissociated cells were suspended at a concentration of 5 Â 10 6 cells/mL in Dulbecco's modified Eagle's medium that contained 3% fetal bovine serum and antibiotics. Micromass cultures were initiated by spotting 20 mL of the cell suspensions (1.5 Â 10 5 cells) onto the surface of 24-well tissue culture dishes. After a 90-minute incubation at 37 C in a humidified carbon dioxide incubator to allow for cell attachment, the cultures were supplied with 0.25 mL of medium. After 24 hours, medium supplemented with the indicated concentrations of bis-2-methyl-4-aminoquinolyl-6-carbamide (Surfen; obtained from the Open Chemical Repository in the Developmental Therapeutic Program at the National Cancer Institute, NSC12155), bacterial heparitinase III (Sigma-Aldrich, St. Louis, MO), recombinant human bone morphogenetic protein (BMP)2 (R&D Systems, Minneapolis, MN), recombinant human heparanase (kindly provided by Drs. Israel Vlodavsky, Technion, Haifa, Israel, and Ralph Sanderson, University of Alabama at Birmingham, Birmingham, AL), or SST0001 (Sigma-Tau Pharmaceuticals Inc., Gaithersburg, MD). Fresh reagents (drug and/ or protein) were given with medium change every other day.
Equivalent amounts of vehicle were added to control cultures. Cultures were stained with Alcian Blue (pH 1.0) after 4 and 6 days to monitor chondrogenic cell differentiation by standard methods. Micromass analysis was performed with ImageJ version 1.47 (NIH, Bethesda, MD). Images were made binary under an RGB threshold, and particle analysis was used to measure nodule size, number, and Alcian Blueepositive area.
Cell Proliferation and Migration Analysis
ATDC5 cells were treated at day 0 with human heparanase (400 ng/mL) or a vehicle control. At this time, one culture dish was harvested for DNA. DNA was also isolated from control and treated cells at day 3, 7, and 14. DNA isolation was performed with TRIzol reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's protocols and measured with a NanoDrop (ThermoScientific, Marietta, OH). ATDC5 migration was analyzed via a scratch test. Cells were replated on a six-well dish and allowed to reach confluence before treatment. After 24 hours of treatment, a straight line scratch was made with a P10 pipette tip. Reference points were made with a fine-tipped marker on the bottom of the dish. Images at time 0 were taken with a phase-contrast microscope (Leica, Wetzlar, Germany). Cells were cultured at 37 C in a humidified carbon dioxide incubator for 4 hours, with images in the same field of view taken at 2 and 4 hours. The open scratch area was quantified with ImageJ (n Z 6 per treatment group; NIH). In micromass cultures, migration was determined by expansion of the micromass itself from day 0 to day 4 or 6. The diameters of untreated micromasses (n Z 10) were measured and averaged for a baseline size. This baseline was subtracted from the average diameter of treated cultures (n Z 6) to estimate cell migration.
Semiquantitative PCR Analyses
Total RNA was extracted from cells by the guanidine phenol method with the use of TRIzol reagent (Invitrogen) according to the manufacturer's protocols and was measured with a NanoDrop. One microgram of total RNA was reverse transcribed with the SuperScript III First-Strand Synthesis System (Life Technologies). Band intensities for semiquantitative PCR were normalized to glyceraldehyde-3-phosphate dehydrogenase and compared, whereas band intensities and cycle numbers were linear. The following primer sets were used: Gapdh forward primer (5 0 -CGTCCCGTAGACAAAATG-GT-3 0 ) and reverse primer ( 
Protein Analysis
ATDC5 cells were grown to 100% confluence in six-well plates and treated with indicated concentrations of Surfen. Micromass cultures were treated with control vehicle, Surfen, human heparanase, SST0001, or recombinant human BMP2. At specified time points, total cellular proteins were harvested in SDS-PAGE sample buffer, electrophoresed on 4% to 15% SDS-Bis-Tris gels (40 mg per lane), and transferred to polyvinylidene difluoride membranes (Invitrogen). Membranes were incubated overnight at 4 C with dilutions of antibodies against phospho-Smad1/5/8 (dilution 1:1000; 9511; Cell Signaling Technology Inc., Danvers, MA), Smad1 (dilution 1:500; 63439; Abcam Inc., Cambridge, MA), or human heparanase (dilution 1:750; 59787; Abcam Inc.). Enhanced chemiluminescent immunoblotting detection system (ThermoScientific) was used to detect the antigene antibody complexes. The membranes were re-blotted with antibodies to a-tubulin (dilution 1:2000; T-5168; SigmaAldrich) for normalization, and band intensities were quantified by computer-assisted image analysis.
Immunohistochemistry
Immunostaining for heparanase was performed with paraffin sections that were deparaffinized and de-masked with 5 mg/ mL hyaluronidase for 1 hour at 37 C to de-mask. Sections were incubated with anti-heparanase polyclonal antibodies (59787; Abcam Inc.) at 1:200 dilution in 3% normal goat serum in phosphate-buffered saline overnight at 4 C. After rinsing, sections were then incubated with biotinylated goat anti-rabbit secondary antibody, and the signal was visualized with a horseradish peroxidase/diaminobenzidine detection immunohistochemistry kit according to the manufacturer's instructions (Abcam Inc.). For collagen X staining, companion serial sections were treated with 0.1% pepsin in 0.02N HCl for 10 minutes at 37 C, incubated with 1:1000 dilution of rabbit collagen X antibodies (Cosmo Bio, Carlsbad, CA) in 10% normal goat serum for 1 hour, followed by treatment with ABC reagent (Vector Laboratories, Burlingame, CA) for 1 hour for antibody detection. Bright-field images were taken with a SPOT insight camera (Diagnostic Instruments, Inc., Sterling Heights, MI) operated with SPOT software version 4.0 (Diagnostic Instruments, Inc.).
Statistical Analysis
Data were validated by two-tailed Student's t-tests. The threshold for significance for all tests was set as P < 0.05.
Results
Broad Heparanase Distribution in Human Exostoses
Mature and symptomatic exostoses removed at surgery are typically composed of a cartilaginous cap and an underlying bony stem that connects with the affected skeletal element, be it a long bone or a rib. The cartilaginous cap often displays a growth plate-like structure and organization, with small chondrocytes located at its distal end and surrounded by a connective/perichondrium-like tissue layer and with large hypertrophying chondrocytes located more proximally near the bony portion. 15, 16 To determine whether heparanase presence and distribution were altered in exostoses, we obtained exostoses from consenting HME patients undergoing surgical treatment and processed them for section immunostaining with rabbit antibodies against human heparanase. For comparison, we used longitudinal sections of growth plates from control nonaffected persons who had undergone surgical treatment for polydactyly. In these control specimens, heparanase staining was clearly and strongly detected in the hypertrophic chondrocytes at the chondro-osseous junction ( Figure 1 , A and B) and in the perichondrium ( Figure 1C ), but little to no staining was observed in resting and proliferative zones (Figure 1, AeC) . Blood vessels that invaded the secondary ossification center displayed high heparanase staining as expected, 30 thus acting as an internal positive control of staining specificity and sensitivity ( Figure 1D ). In contrast, heparanase staining was found in all chondrocytes within the exostoses, regardless of location within the tissue and apparent maturation stage (Figure 1 , EeG). Tissue portions that contained enlarged and hypertrophying cells in clusters were even more strongly stained, particularly in their pericellular compartment ( Figure 1H ). However, staining for collagen X in companion serial sections showed that it was restricted to mature and hypertrophic chondrocytes ( Figure 1I ).
Heparanase Stimulates Cell Migration and Proliferation and Chondrogenesis
What could be the significance and possible pathologic implications of the findings in the previous section? Exostoses are ectopic cartilaginous outgrowths and as such, must depend on local cell proliferation and migration and on chondrogenic differentiation to initiate, sustain, and propel their development and growth. 31 Thus, we asked whether heparanase would influence such processes. To analyze cell proliferation, we grew ATDC5 chondrogenic cells in monolayer culture in control medium or medium that contained 400 ng/mL human recombinant heparanase, a concentration used in previous studies and elicited maximal responses. 32 DNA quantification at three time points over a 2-week culture period showed that heparanase had stimulated cell growth by nearly threefold by day 14 over control values (Figure 2A ). To examine cell migration, we used the Figure 1 Heparanase is broadly distributed in human exostoses but restricted in control growth plate. AeD: Immunohistochemical staining of longitudinal sections of control human growth plate shows that heparanase is detectable in hcs at the coj and is also prominent in perichondrium (C, arrowheads). Strong staining is appreciable in a blood vessel present in the SOC as expected (D). EeH: Sections from human exostoses were stained in parallel. Heparanase staining is clear in nearly every chondrocyte regardless of location within tissue and apparent phenotypic maturation status (E and F) and also in neighboring perichondrium-like tissue (G, arrowheads). Clusters of large hypertrophying chondrocytes display strong staining, particularly in their pericellular compartment (H). I: Continuous sections from the above exostosis specimen were stained with collagen X antibodies. Note that only mature and hcs stain positively. B and F are higher magnification images of areas in A and E, respectively. Scale bars: 250 mm (A and E); 75 mm (B, D, F, G, H, and I); 300 mm (C). Coj, chondro-osseous junction; hc, hypertrophic chondrocyte; pc, perichondrium; phc, prehypertrophic cartilage; rc/pl, resting-proliferating cartilage; SOC, secondary ossification center. scratch and wound healing system. 32 Accordingly, confluent monolayers were scratched in the middle with a pipette tip, and the repopulation of the scratch area by migrating cells was determined over a 3-hour period in the absence or presence of exogenous heparanase. Clearly, cultures treated with heparanase repopulated the wound area more rapidly and more extensively than untreated control cells by 3 hours (Figure 2B) .
To examine chondrogenic cell differentiation, we used micromass cultures. 29, 33 In this popular experimental system, progenitor chondrogenic cells are isolated from embryonic limb buds and are grown at high cell density in spot cultures in which they resume their differentiation program and give rise to cartilaginous nodules over time. For these experiments, cells isolated from mouse embryo limb buds were plated in micromass and grown in medium lacking or containing exogenous heparanase as in the previous paragraph. Staining with Alcian Blue on day 4 and 6 showed that control cultures displayed several positive cartilage nodules scattered in their central portion as expected ( Figure 2C ), but more numerous and more strongly staining nodules were present in companion heparanase-treated cultures ( Figure 2C ). Computer-assisted imaging showed that the Alcian Blueestaining area was more than twofold higher in treated than in control cultures (P < 0.05) ( Figure 2D ). We obtained similar results previously by using exogenous bacterial heparitinase III that cleaves HS in far smaller fragments than mammalian enzyme, 34 indicating that chondrogenesis is stimulated regardless of HS fragment size. The peripheral portion of micromass cultures normally contain variously shaped fibroblastic cells that actively proliferate and migrate away from the micromass over time. 29 Thus, we measured the overall maximal diameter of the cultures and found that the heparanase-treated cultures had achieved a significantly larger diameter at both day 4 and day 6 than controls ( Figure 2E ), reaffirming that heparanase promotes cell proliferation and/or migration.
BMP signaling is a main regulator and stimulator of chondrogenesis, 35 and we previously showed that it is ectopically activated during the early stages of exostosis-like tissue formation in HME mouse models that involved conditional Ext1 ablation. 33 Thus, we tested whether human heparanase treatment would stimulate BMP signaling along with its stimulation of chondrogenesis as seen in the previous paragraph. Immunoblot analysis with antibodies to phosphorylated Smad1/5/8 by using whole micromass cell extracts showed that pSmad levels were increased after heparanase treatment at both day 4 and day 6 of culture compared with controls (Figure 2 , F and G), likely signifying that heparanase had stimulated chondrogenesis by increasing bioavailability and/or signaling activity of endogenous cell/matrix-associated BMPs. Image-based quantification of Alcian Blueepositive areas shows more than twofold increase in treated cultures over control set at 1. E: Measurement of overall micromass diameter on day 4 and 6 indicates that proliferation/migration of peripheral cells was stimulated by heparanase treatment. Increase in diameter for each micromass was set relative to that at 24 hours after plating and is described in arbitrary units. F: Immunoblot images show that heparanase treatment had increased Smad1/5/8 phosphorylation protein levels in day 4 and 6 micromass cultures relative to respective controls. Membranes were re-blotted with a-tub antibodies for sample loading normalization. G: Normalized band intensity quantifications of blots in F with controls set at 1. n Z 3 (A); n Z 6 (B, D, and E). *P < 0.05, **P < 0.01. Scale bar Z 1.5 mm. Cntl, control; Hep'ase, heparanase protein; a-tub, a-tubulin.
Heparanase Gene Expression Is Responsive to HS Levels
The widespread presence of heparanase in exostoses and its pro-chondrogenic and signaling effects seen in Figure 2 raised the question of whether heparanase is an early response gene, able to be up-regulated soon after or concomitantly with declining HS levels and thus perpetuating or amplifying cellular responses. To test this hypothesis, we treated primary limb mesenchymal cell micromass cultures with the HS antagonist Surfen. As we and others showed previously, this compound interferes with HS function and elicits functional HS deficiency, 36 triggering cellular responses similar to Ext gene ablation, including enhanced chondrogenesis. 33 Interestingly, we found that treatment with an optimal concentration of Surfen (7.5 mmol/L) 33 significantly increased the protein levels of endogenous heparanase as indicated by immunoblotting ( Figure 3A) , approximately eightfold at this dose ( Figure 3B) . A similar response was observed in ADTC5 cell cultures (Figure 3, C and D) . Control of this response appeared to be at the transcriptional and/or RNA stabilization levels because the heparanase mRNA amounts were increased as well in Surfen-treated cultures as indicated by semiquantitative RT-PCR (Figure 3, E and F) .
A related and congruent possibility is that endogenous heparanase levels may be stimulated not only by declining HS levels/function but also by concurrent BMP bioavailability. Thus, we treated day 2 micromass cultures with exogenous 100 ng/mL recombinant human BMP2, a concentration that strongly stimulates BMP signaling and chondrogenesis, 33 for 24 or 48 hours. Immunoblot analysis showed that endogenous heparanase levels were clearly increased in BMP2-treated cultures compared with companion untreated cultures ( Figure 3G ), approximately twofold as revealed by densitometry and normalization ( Figure 3H ).
Chondrogenesis Is Inhibited by a Heparanase Antagonist
Given our results that link heparanase to the stimulation of chondrogenesis and BMP signaling (and likely other growth factor signaling pathways), we asked whether inhibiting endogenous heparanase would have negative repercussions on chondrogenesis. Thus, we used the heparanase inhibitor SST0001, a modified heparin molecule without anticoagulant properties and with high affinity for heparanase and strong inhibitory activity. 37 This compound was already thoroughly tested for safety and pharmacokinetics in a number of animal models and was shown to have antitumorigenic properties. 38 On the basis of this groundwork, we chose three concentrations with which to treat limb bud micromass cultures, at or above the concentration that inhibits 50% for heparanase inhibition. We found that SST0001 treatment strongly reduced the formation of Alcian Blueepositive chondrogenic nodules ( Figure 4A ) in a dosedependent manner as indicated by image quantification ( Figure 4B ). Counterstaining with hematoxylin showed that overall cell number and density had not changed significantly after treatment ( Figure 4A ). Whole cellular RNA and DNA content also remained similar in treated and untreated cultures at day 4 and day 6, although minor decreases were observed by these methods at the maximal 20 mg/mL dose (not shown). Whole cellular RNA samples were then processed for semiquantitative RT-PCR, and the data showed that expression of such chondrogenic marker genes as collagen II (ColII), aggrecan (Agg), and Runx2 was dose dependently inhibited by SST0001 treatment (Figure 4 , CeE). Interestingly, SST0001 treatment also reduced the levels of endogenous heparanase ( Figure 4F ) compared with untreated control cultures ( Figure 4F ), whereas treatment with bacterial heparitinase increased them ( Figure 4F ). In addition, SST0001 treatment reduced the overall diameter of the micromasses (Figure 4G ), indicating that it had inhibited migration of peripheral fibroblastic cells.
Discussion
Our data provide evidence that heparanase is detectable and broadly distributed in the chondrocytes present in benign human exostoses, a phenotype quite distinct from that seen in normal growth plate cartilage where the protein is restricted to the hypertrophic zone and perichondrium, consistent with data in a previous study. 39 We show also that exogenous recombinant human heparanase is a strong stimulator of cell migration, proliferation, and chondrogenesis in mouse cell cultures, indicating that one function, and possibly a main function, of heparanase would be to promote cell recruitment for the initiation and outgrowth of the exostoses. This mechanistic sequel is reinforced by our observations that heparanase stimulates the pro-chondrogenic BMP signaling pathway and that endogenous heparanase gene expression and overall protein levels are increased as the HS levels decrease. Thus, heparanase appears to be a part of tightly controlled mechanisms that link it to HS levels and also responsive to modulations in HS levels. A significant drop in HS levels occurring in local cells in HME patients would elicit increased heparanase expression which in turn would elicit further HS degradation, stimulate growth factor release and signaling pathways, and promote chondrogenesis, all steps converging on and contributing to exostosis growth ( Figure 5 ). Although counterintuitive and seemingly paradoxical, similar inverse relations among HS levels, Ext1 expression and heparanase expression were reported in cancer studies. Cancer cells with higher Ext1 expression exhibited lower heparanase expression, whereas cancer cells with lower Ext1 expression (and higher metastatic potential) exhibited higher heparanase expression, and Ext1 knockdown with siRNA up-regulated heparanase expression and potentiated metastatic capacity. 40 Indeed, heparanase expression levels are used to help predict tumor severity and patient outcome. 41e43 These and other studies suggest that one of the changes occurring during the transition from benign exostoses to osteosarcoma in HME patients could be an even steeper increase in heparanase expression. Previous studies have shown that EXT haploinsufficiency per se is not sufficient for multiple exostosis formation in patients or mice and that a steeper reduction would be needed. 44, 45 Current possible and plausible explanations of how Ext expression and/or HS production could decrease further include EXT loss-of-heterozygosity; large genomic deletions; a second hit in another gene; background genetic variability, including gene modifiers; or compound heterozygosity in EXT1 and EXT2. 21,26e28 Such changes would occur in subsets of cells within the HME patient; the cells would be prone to exostosis formation and would give rise to exostoses in conjunction with an active growth plate ( Figure 5 ).
Our data now add another potential culprit heparanase to such pathogenic scenarios. The protein could contribute to disease in combination with any of the genetic events mentioned in the previous paragraph, together leading to a steeper decrease in EXT expression and HS levels less than those achieved by mere haploinsufficiency. Heparanase is preferentially expressed in perichondrium along the growth plates (Figure 1) . Previous studies reported similar data in mouse growth plate perichondrium, 46 and we provided evidence previously that progenitor cells located within perichondrium may be a primary contributor to exostosis formation. 33 Thus, by possessing basal heparanase expression, perichondrial cells may be particularly sensitive to genetic changes and could require a lower threshold to tilt their homeostatic balance, boost basal heparanase expression, stimulate otherwise largely inactive growth factor signaling pathways, incite ectopic chondrogenesis, and promote exostosis formation. One additional aspect of exostosis formation stemming from mouse and human studies is that the exostoses themselves appear to be composed by a mixture of mutant cells (ie, heterozygous Ext cells that have undergone an additional genetic change) and plain heterozygous cells. 33, 44 The mutant cells would recruit the heterozygous cells into the incipient exostosis mass and induce them into a neoplastic behavior ( Figure 5 ). Given that heparanase facilitates cell migration and could diffuse into the surroundings, it could certainly have a role in such recruitment and mobilization processes during exostosis growth.
The heparanase inhibitor SST0001was shown to interfere with the growth of myeloma and sarcoma cells and concomitant angiogenesis in mouse models, 37, 38 reaffirming that heparanase has a main role in pathogenesis and may be a particularly good target for cancer therapy. Our data with primary limb cell micromass cultures provide evidence that SST0001 also inhibits chondrogenesis and does so powerfully as revealed by major decreases in development of Alcian Blueepositive cartilage nodules and expression of such chondrogenic marker genes as collagen II, aggrecan, and Runx2. The data correlate well with a previous study using a different heparanase inhibitor, PI-88, with the ADC5 chondrogenic cell line in which, however, only modest reductions in Alcian Blue staining and cartilage gene expression were observed, 46 possibly reflecting diverse drug potency. Previous studies 37, 38 and our present data do not allow us to clarify exactly how SST0001 elicited such a strong effect. One possibility is that heparanase has a far more important role in chondrogenesis than currently realized, possibly being essential in mobilizing chondrogenic factors and enhancing their bioavailability and diffusion among condensed prechondrogenic cells. Its effective suppression would hamper this process and would elicit a strong antichondrogenic effect. Similarly, SST0001 could have interfered with cell mobilization and cellecell interactions needed by the limb mesenchymal cells to initially condense and then activate the chondrogenic program.
29
SST0001 is a heparin modified through glycol splitting and partial desulfation and N-acetylation 47 that is no longer an anticoagulant and cannot dislodge basic fibroblast growth factor from the extracellular matrix or enhance its mitogenic activity, traits that native heparins and HS chains have. 48, 49 However, by still being a partially sulfated polymer, SST0001 could bind other growth factors, including BMPs, and limit their bioactivity ( Figure 5 ). Our data also show that it decreased the endogenous levels of heparanase in the micromasses and reduced cell migration. Thus, although it will take more direct experimentation to clarify precisely how SST0001 blocked chondrogenesis so effectively, the present data do sustain the possibility that SST0001 could be a potent inhibitor of exostosis formation in vivo. Ongoing studies with HME mouse models should provide such evidence in the near future. ajp.amjpathol.org -The American Journal of Pathology
